Neonates are highly susceptible to infectious diseases and, in general, respond poorly to conventional vaccines due to immaturity of the immune system. In the present study, we hypothesized that the anti-tetanus toxoid (TT) vaccine response of neonatal mice could be enhanced by retinoic acid (RA), a bioactive retinoid, and polyriboinosinic:polyribocytidylic acid (PIC), an inducer of IFN. Early-life treatments with RA and͞or PIC were well tolerated and stimulated both primary anti-TT IgG production in infancy and the memory response in adulthood. TT-specific lymphocyte proliferation and type 1͞type 2 cytokine production were also significantly augmented. 
I
nfants and neonates are well known to be at high risk of infectious diseases. According to estimates by the World Heath Organization (WHO), Ϸ2.5 million infants between 1 and 12 months of age die each year of infectious diseases (1) . The high susceptibility of infants and neonates to infections is mostly attributed to relative immaturity of the immune system, which may involve several aspects. First, compared with adults, the cellularity of the peripheral lymphoid organs is lower in neonates, and the microarchitecture of secondary lymphoid organs is not well developed (2, 3) . Second, neonatal immune cells are functionally immature as compared with similar cells from adults. The antibody response of B cells to T cell-dependent antigens and T cell-independent (TI) type-2 antigens is especially low in infants and children Ͻ2 y of age, and in the young of experimental animal models. The neonatal antibody response to T cell-dependent antigens is characterized by weak Ig isotype switching (lack of IgG2a), poor Ig affinity maturation, and restricted heterogeneity due to limited use of V region Ig genes (4) . Moreover, T helper (Th)-1 cell and cytotoxic T lymphocyte responses are low in neonates, which are considered to be responsible for the increased susceptibility of neonates to intracellular pathogens (3) . In addition, the limited immune response in neonates may also be due to an immaturity of antigen-presenting cells (APCs), as shown by a low expression of costimulatory molecules, impaired antigen-presenting ability, and reduced IL-12 production after infection or vaccination (3, 5, 6 ).
Currently, early-life vaccination is an important strategy for protecting neonates and infants from infectious diseases. In children Ͼ2 y old and in adults, conventional vaccines can generally induce sufficient production of specific protective antibodies to neutralize pathogens (or their toxins) and thereby protect the host from infections. However, the immaturity of the neonatal immune system significantly hampers the generation of a protective vaccine response (1) . Therefore, strategies to enhance vaccination efficiency in early life are highly sought. Several recent studies have reported promising results with strategies using certain adjuvants, such as IL-12 and CpG-containing oligonucleotides, which can induce type-1 cytokine production as well as cytotoxic T cell responses and successfully increase antibody production in neonatal mice (7) (8) (9) . However, in some of these strategies, weight loss was observed (10) , and the potential adverse effects of these treatments would seem to limit their application in human neonates.
Vitamin A (VA) is known to play an important role in both innate and adaptive immunity. VA-deficient children are at increased risk of mortality and infection diseases; particularly, measles and diarrheal diseases have been reported to be more severe (11, 12) . By providing VA supplements to VA-deficient children aged 6-72 months, all-cause mortality was reduced by 23%, measles-related mortality by 50%, and diarrheal disease mortality by 33% (13) . Therefore, periodic high-dose supplementation with VA is considered as a highly cost-effective approach to prevent VA deficiency and save children's lives (14) . To facilitate the delivery of VA supplements to young children, the WHO has recommended integrating VA supplementation as a part of the Expanded Program of Immunization (EPI) in countries where VA deficiency is prevalent, and supplementation has been implemented in children Ͻ12 months of age (15) . The integration of VA administration into early-life vaccination programs has been shown to be as a safe and effective way to improve the VA status of infants (16) . Moreover, coadministration of VA with measles or diphtheria-pertussistetanus vaccination significantly elevated vaccine-induced antibody responses in infants, suggesting the potential benefit of VA on the vaccine response in early life (15, 17, 18) .
Polyriboinosinic:polyribocytidylic acid (PIC) is a synthetic dsRNA that triggers toll-like receptor-3 and its downstream signaling molecules (19) , activating both innate and adaptive immunity. PIC is well known for its ability to induce type I͞type II IFNs and enhance antiviral and antitumor reactions in several models (20) (21) (22) . Furthermore, PIC is a potent immune adjuvant that can promote dendritic cell (DC) maturation, increase natural killer (NK)-mediated cytotoxicity, and enhance CD8 T cell response as well as T helper (Th) 1-cytokine production (23, 24) .
Abbreviations: APC, antigen-presenting cell; DC, dendritic cell; PIC, polyriboinosinic:polyribocytidylic acid; RA, all-trans-retinoic acid; TT, tetanus toxoid; VA, vitamin A; NK, natural killer; PE, phycoerythrin; A gate, adult gate; n1 gate, neonatal 1 gate; n2 gate, neonatal 2 gate.
Previously, we reported that coadministration of all-transretinoic acid (RA) and PIC with tetanus toxoid (TT) immunization cooperatively enhanced the anti-TT antibody response in VAadequate adult mice (25, 26) . Moreover, the combination of RA plus PIC stimulated a robust, durable, and balanced increase in all of the anti-TT IgG isotypes (IgG1, IgG2a, and IgG2b). These results suggested to us that this combination might act as a promising strategy for enhancing the response to TT and similar vaccines in healthy populations. However, whether RA and PIC, alone or in combination, can effectively enhance antibody production in a neonatal vaccination model is still unknown. Therefore, in the present study we sought to evaluate the adjuvant effects of RA, PIC, and their combination on anti-TT vaccination response in neonatal mice.
Materials and Methods
Experimental Design. Animal protocols were approved by the Institutional Animal Use and Care Committee of Pennsylvania State University. Adult C57BL͞6 mice purchased from Charles River Laboratories were bred under specific pathogen-free conditions, and the date of birth of offspring was recorded. Pups remained with their mothers until weaning at 4 weeks of age. During the experimental period, all of the mice were fed with a nutritionally complete diet (LabDiet 5001, containing VA 22 units͞g, Purina).
Vaccine, Adjuvants, and Immunization Procedures. RA (Sigma) was prepared in canola oil at 4 mg͞ml. PIC, stabilized with poly-L-lysine and carboxymethylcellulose, was used as described (25) . The doses of TT (Connaught Laboratories), RA, and PIC for neonatal mice were calculated by adjusting the doses used for adult mice (25) according to metabolic body weight (BW 0.75 ), resulting in doses of Ϸ3.5 g, 12 g, and 0.7 g per neonate, respectively. One-week-old mice were randomly divided into four groups: control, RA, PIC, and RA plus PIC. One day before primary immunization (day Ϫ1), neonates were fed orally, by using a micropipet, with RA or canola oil only. The next day (day 0), each neonate was immunized i.p. with TT and cotreated with RA orally and͞or PIC by i.p. injection. From days 1-5 after priming, the neonates were fed the same dose of RA or oil daily. To evaluate the effects of RA and͞or PIC treatments on neonatal lymphocyte populations, some neonates were euthanized 3 days after priming and spleens were analyzed by flow cytometry. The rest of the neonates remained with their mothers until weaning and were reimmunized with TT (10 g per mouse) at 6 weeks of age without further treatment with RA͞PIC. Blood was collected 14 days after priming and 7 days after reimmunization for determination of primary and secondary antibody responses, respectively. Two weeks after reimmunization, spleens were collected for in vitro proliferation and cytokine response assays.
Serum Anti-TT Antibody Analysis. Serum anti-TT IgG and anti-TT IgG isotypes were quantified by ELISA by using serially diluted serum samples as described (27) . Measurements in a linear doseresponse range were compared with a standard of serially diluted pooled immune serum, included on every ELISA plate, to calculate the titers of anti-TT IgG; 1 unit was defined as the dilution fold that produced 50% of the maximal optical density for the standard sample.
Lymphocyte Proliferation. Spleen mononuclear cells were isolated as reported (28) and suspended at 5 ϫ 10 6 cells͞ml in RPMI medium 1640 with 10% FBS. To assess TT-induced cell proliferation, 96-well plates were coated with TT (2.5 g͞ml) at 4°C overnight, followed by washing. Then, 5 ϫ 10 5 cells per well were added in triplicate and incubated in the presence of soluble TT (2.5 g͞ml) at 37°C for 96 h. For comparison, cells were also incubated with plate-bound anti-mouse CD3 (145-2C11, BD Pharmingen) in 96-well plates at 37°C for 72 h. Cell proliferation was determined by the incorporation of [methyl-3 H]thymidine (Amersham Pharmacia Biosciences) as described (28) . The stimulation index (SI) was defined as the ratio of experimental cpm͞control cpm (without stimulation).
Quantification of Cytokine Production. To assess TT-specific cytokine production, spleen mononuclear cells (5 ϫ 10 6 cells͞ml) were cultured in TT-coated 24-well plates, and incubated with soluble TT (2.5 g͞ml) at 37°C for 96 h. For anti-CD3-induced cytokine production, cells were also incubated in anti-CD3-bound 24-well plates at 37°C for 72 h. Cytokines (IL-4, IL-5, and IFN-␥) in culture supernatants were detected by a sandwich ELISA according to the protocol from BD Biosciences. Purified anti-mouse IL-4 (11b11), IL-5 (TRFK4), and IFN-␥ (R4-6〈2) mAbs, as well as biotinylated anti-mouse IL-4 (BVD6-24G2), IL-5 (TRFK4), and IFN-␥ (XMG1.2) mAbs were obtained from BD Pharmingen. Cytokine values were expressed by reference to a standard curve established by assaying serial dilutions of the respective mouse cytokine standards (10). Statistical Analysis. Data are reported as mean Ϯ SE. The main effects of RA, PIC, and their interaction were evaluated by two-way ANOVA. When group variances were unequal, data were subjected to log 10 or square-root transformation before analysis. Differences among groups, P value Ͻ0.05, were determined by using Fisher's protected least significant difference (LSD) test (SUPERANOVA, Abacus Software, Berkeley CA).
Results and Discussion
Having previously observed that the combination of RA, an active metabolite of VA, and PIC was well tolerated by adult mice and led to a robust and durably enhanced anti-TT antibody response (25), we considered it possible that this combination of nutritionalimmunological intervention would also function as an adjuvant for neonatal vaccination.
Early-Life Treatments with RA and͞or PIC Augment both Primary and
Secondary Anti-TT IgG Responses. Early-life treatments with RA and͞or PIC were well tolerated and did not affect the growth of neonates (Fig. 6 , which is published as supporting information on the PNAS web site). Although the primary anti-TT antibody response in neonatal mice was very weak, both RA and PIC alone significantly increased anti-TT IgG titers, and the combination of RA plus PIC further increased the response (Fig. 1A) . Moreover, RA and͞or PIC enhanced IgG isotype switching in neonatal mice as detected by the IgG isotype concentrations (Fig. 1 B-D) and ratios (Fig. 1E) . RA alone selectively increased the titers of IgG1 and elevated the ratio of IgG1͞Ig2a, an index reflecting the balance of type 2 to type 1 immune response. PIC significantly enhanced all of the IgG isotypes (IgG1, IgG2a, and IgG2b) without affecting the IgG1͞IgG2a ratio. Compared with PIC alone, the combination of RA plus PIC further increased IgG1 and IgG2b, while still maintaining the IgG1͞IgG2a ratio similar to the control level. Analysis by two-way ANOVA confirmed that RA was a positive regulator for IgG1, and PIC was a positive regulator for all of the IgG isotypes. Therefore, RA and PIC treatments significantly promoted the primary anti-TT antibody response and differentially regulated IgG isotypes in neonatal mice.
Of particular interest with respect to vaccination is the recall response to antigen. The coadministration of RA and͞or PIC with TT immunization during the neonatal stage also significantly enhanced the secondary (recall) antibody response when the neonates grew to be 6-7 weeks old. The secondary anti-TT IgG level was slightly enhanced by PIC alone but significantly up-regulated by RA and by RA plus PIC (Fig. 1F) . Similar to the primary response, RA alone selectively induced secondary anti-TT IgG1 (Fig, 1G ) and elevated the ratio of IgG1͞Ig2a. PIC alone selectively induced IgG2a and IgG2b without affecting the IgG1͞IgG2a ratio ( Fig. 1  H-J) . Notably, RA plus PIC significantly increased all of the IgG isotypes, whereas the ratio of IgG1͞IgG2a was equivalent to that in the control group. Overall, early treatment with RA and͞or PIC successfully enhanced both the primary antibody response in neonates and their memory responses as young adults.
Early-Life Treatments with RA and͞or PIC Increase TT-Specific Lymphocyte Proliferation and Cytokine Production. Because TT-induced antibody production requires the involvement of active T helper cells and type 1͞type 2 cytokines, we evaluated the effect of RA and PIC on lymphocyte proliferation and cytokine production. RA, PIC, and RA plus PIC significantly doubled or tripled TT-induced lymphocyte proliferation (Fig. 2A) . Moreover, RA and PIC significantly regulated TT-specific type 1͞type 2 cytokines, which are key regulators of Ig isotype switching. In the present study, we measured IFN-␥, a major ''signature'' of type 1 cytokine responses, and IL-4 and IL-5, two type 2 cytokines. Because TT-induced IL-4 was not significantly detectable, we focused on the regulation of IFN-␥ and IL-5. TT-induced IL-5 was increased by RA alone and by RA plus PIC (Fig. 2B) . TT-induced IFN-␥, on the other hand, was markedly elevated by PIC alone. Although the combination of RA plus PIC slightly attenuated PIC-induced IFN-␥ production, it still induced a higher level of IFN-␥ compared with the control group (Fig. 2C) . Consequently, the ratio of IL-5 to IFN-␥, an index of the balance of type 2 relative to type 1 response, was elevated Ϸ2-fold by RA, whereas RA plus PIC together rebalanced this ratio close to the control level (Fig. 2D) . Therefore, RA and PIC promoted TTspecific type 1 and type 2 cytokine responses, respectively, whereas the combination of RA plus PIC promoted both type 1 and type 2 responses, resulting in a high-level, balanced response.
It is interesting that anti-CD3 induced T cell proliferation and cytokine production was similar regardless of prior RA͞PIC treatments during the neonatal stage (Fig. 7 , which is published as supporting information on the PNAS web site). To confirm this result, spleen cells were also collected 14 days after neonatal priming, and stimulated with anti-CD3. Similarly, RA and͞or PIC did not significantly affect anti-CD3-induced T cell proliferation and cytokine production (data not shown). Together, these data implied that the immunoregulatory effects of RA͞ PIC were apparently antigen-specific, without affecting the general T cell response to TCR͞CD3 stimulation. Because we used a restimulation model, the TT-responding cells showing regulation by RA and͞or PIC were likely to have represented a memory pool, which might be increased in number or antigen Fig. 1 . RA and͞or PIC treatments enhance both primary anti-TT antibody response in neonatal mice and memory response in adulthood. One-week-old C57BL͞6 mice were pretreated with RA or oil for one day, followed by TT immunization with or without RA and͞or PIC as described in Materials and Methods. Five weeks after priming, mice were reimmunized with TT only. Blood samples were collected 1 week after priming and 2 weeks after reimmunization. Anti-TT IgG and IgG isotypes were measured by using ELISA. Shown are total IgG (A and F), IgG1 (B and G), IgG2a (C and H); IgG2b (D and I), and ratio of titers of IgG1 to IgG2a as indicator of type 2 to type 1 balance (E and J). Shown are means Ϯ SE, n ϭ 10 -12 per group. Different letters above bars within panels indicate significant differences (P Ͻ 0.05, a Ͻ b Ͻ c). Results of two-way ANOVA for each factor (RA, PIC, and interaction) are also shown in each panel.
responsiveness by prior treatment with RA and͞or PIC in the neonatal period. These cells may have then survived and remained capable of responding to TT upon later restimulation. Anti-CD3, on the other hand, would be expected to stimulate both naive and memory CD3 ϩ T cells, and apparently these cells or their progenitors were unaffected by the RA and PIC treatments that the neonates received. Currently, several agents, such as IL-12, CpG-containing oligonucleotides, and Freund's complete adjuvant, have been shown to effectively boost vaccine responses in neonates (3, 29, 30 ). However, a major concern is that these agents might lead to a state of heightened inflammation later on, increasing the risk of inflammation and autoimmune diseases (3) . Although further studies are necessary, our current results suggest that the effects of RA and PIC could be focused on antigen-specific T cells, without having a long-lasting effect on the general population of T cells.
RA and͞or PIC Treatments Promote Neonatal Lymphocyte Maturation
and Differentiation. A lack of mature lymphocytes in peripheral lymphoid organs is believed to be an important factor in the weak immune response of neonates (3). Therefore, we determined whether RA and͞or PIC treatments could directly affect the maturation and development of neonatal immune cells. Flow cytometry analysis by using forward angle light scatter (FALS) and side scatter (SS) showed that Ͼ20% of neonatal spleen cells were larger (increased FALS) and͞or seemed to be more granular (increased SS) than the great majority of adult spleen cells (Fig. 3A) . Thus, in addition to analyzing the effects of RA and PIC on the total spleen cell population, we separately quantified cells using the following three gates: an ''A'' (adult) gate set according to the distribution of live cells in adult mouse spleen; an ''n1'' (neonatal 1) gate, and an ''n2'' (neonatal 2) gate. In the A gate of neonatal mice, the percentages of CD3 ϩ T cells, NK1.1 ϩ cells, CD11b ϩ cells, and CD11c ϩ cells were all much lower than the adult levels ( Table  1) . Although the percentage of B220 ϩ cells in the A gate was comparable with the adult level, the expression of CD19, a B cell coreceptor, was about half (34.5%) in neonates compared with adults (62.9%). In addition, the percentage of IgM ϩ IgD Ϫ cells (indicating immature B cells) was Ͼ25%, suggesting the cell population in the A gate of neonates was relatively immature. The distribution of cells in the n1 gate was similar to that in the A gate, except that the CD11b ϩ cells were notably enriched in the n1 gate as compared with the A gate population. Also, the n1 gate contained 6% of IgM ϩ IgD Ϫ cells (Table 1) , and most of B220-positive cells expressed CD19 (data not shown). By these criteria, the n1 gate contained more mature cells than the A gate. Although the n2 gate covered only 6.5% of splenic mononuclear cells, nearly all of these cells were CD11b-positive. Moreover, the median fluorescence intensity (MdFI) of CD80 and CD86 of cells in the n2 gate were Ϸ1-to 2-fold higher than those of cells in the A and n1 gates (data not shown). Therefore, the n2 gate comprised mostly relatively mature macrophages. Retinoic acid and RA plus PIC significantly reduced the cell proportion in the A gate but increased the cell proportion in the n1 gate, suggesting that these treatments promoted lymphocyte maturation in neonatal mice (see Fig. 8 , which is published as supporting information on the PNAS web site). The total number of spleen cells, however, was not significantly affected (Fig. 4A) .
Retinoic acid and͞or PIC treatments at the neonatal stage significantly regulated neonatal lymphocyte populations. The percentage of CD3 ϩ , CD4
ϩ , and CD8 ϩ T cells in neonatal mice was Ϸ60% less than those of adult mice (Table 1 and data not shown). RA and͞or PIC treatments did not significantly affect neonatal CD4 ϩ cells; however, the percentage of CD8 ϩ cells was significantly reduced by RA and RA plus PIC in the total as well as in the A and the n1 gates (Fig. 4B) . Consequently, the ratio of CD4 ϩ cells to CD8 ϩ cells in neonatal mice was significantly decreased by RA and RA plus PIC (Fig. 4C) , even though the number of CD8 ϩ cells was not significantly changed by the treatments, suggesting that the treatments in our study did not directly reduce CD8 ϩ T cells. Instead, RA and RA plus PIC might promote the expansion of other cell types (such as B cells and NK͞NKT cells, which will be described later), thereby indirectly reducing the percentage of CD8 ϩ cells. . 3 . Neonatal splenocyte population is more heterogeneous than the adult cell population. One-week-old (neonate) and 6-week-old (adult) C57BL͞6 mice were immunized with TT. Three days later, spleen cells were isolated and detected with fluorochrome-conjugated mAbs. Based on the light-scatter plots, the neonatal splenocyte population was gated into three gates: the A (adult-like) gate, the n1 (neonatal 1) gate, and the n2 (neonatal 2) gate. Values shown are the average cell percentages in each gate. 
The B cell population (B220 ϩ cells) in neonatal spleen, compared with adults, was only slightly reduced; however, neonatal B cells expressed much less CD19 (Fig. 4D) . CD19 is a 95-kDa transmembrane protein expressed from the early stage of B cell development up to the stage of plasma cell differentiation. It is known as an essential downstream element of B cell receptor signaling required for B cell maturation and activation, T celldependent, antigen-specific antibody responses, and germinal center formation (31, 32) . Notably, RA and RA plus PIC, but not PIC alone, up-regulated the percentage and number of CD19 ϩ cells (Fig. 4D) , which might in turn enhance antigen-triggered B cell receptor signaling transduction, thereby promoting anti-TT antibody response in neonatal mice.
Furthermore, RA and PIC also regulated NK͞NKT cell populations in neonatal mice. The proportions of NK cells (NK1.1 ϩ CD3 Ϫ ) and NKT cells (NK1.1 ϩ CD3 ϩ ) were much lower in neonates than adults (NK, 2.08% versus 4.33%; NKT, 0.7% versus 1.36%). However, RA plus PIC significantly increased the percentage of NK cells and number of NK and NKT cells (Fig. 9 A and B , which is published as supporting information on the PNAS web site). NK cells are known as an early source of IFN-␥, whereas NKT cells have been shown to secrete IL-4 and IL-10 (as well as IFN-␥) and, in general, to promote a type 2 response (33, 34) . Therefore, the increase in NK and NKT cells could be responsible in part for the increased type-1͞type-2 cytokine production by RA͞PIC-treated neonatal mice.
In addition to the lymphocyte population, RA and͞or PIC regulated the generation and differentiation of CD11c ϩ cells (DCs) and CD11b ϩ cells (macrophages). The proportion of CD11c ϩ cells in neonatal mice was Ͻ50% of the adult level (Fig. 5A) . In contrast, the proportion and median fluorescence intensity of CD11b ϩ cells in neonatal mice were about twice the adult level (Fig. 5B and data not shown). Because macrophages are major contributors to innate immunity, a relatively high proportion of macrophages in neonates implies their importance of innate immunity, which may help to control infections during the neonatal period when the ability to mount adaptive immune responses is not yet well developed. Although the percentage of CD11b ϩ cells was not significantly affected, the percentage of CD11c ϩ cells was significantly increased by PIC in total cells and in the n1 gate, and by RA plus PIC in the A and n2 gates (Fig. 5A and data not shown) . Therefore, RA and͞or PIC enhanced the generation of DCs in neonatal mice.
Because macrophages and DC function as professional APCs, we therefore measured the CD80 and CD86 costimulatory molecules expressed on APCs. RA and͞or PIC treatments slightly induced total expression of CD80, without affecting CD86 (data not shown). Notably, RA and PIC alone increased the percentage of CD11b ϩ CD80 ϩ cells in the n2 gate, and RA plus PIC combined significantly increased CD11b ϩ CD80 ϩ cells in all four gates. Moreover, the number of CD11b ϩ CD80 ϩ spleen cells was significantly elevated in RA-and RA plus PIC-treated neonates (Fig. 5C) . Therefore, RA and͞or PIC treatments induced CD80 expression on neonatal macrophages. Muthukkumar et al. (6) reported that the defective antigenpresenting ability of neonatal APCs was strongly associated with the absence of costimulatory molecules, such as CD80 and CD86. The up-regulation of CD80 on macrophages implies that RA and͞or PIC may enhance the antigen-presenting capacity of neonatal macrophages, thereby contributing to augmentation of anti-TT lymphocyte responses and antibody production. Analysis by two-way ANOVA showed that RA was a positive regulator for neonatal CD19 ϩ cells, NK cells and NKT cells, and CD11b ϩ CD80 ϩ cells (data not shown), indicating that RA treatment significantly increased a wide spectrum of immune cells in neonates. PIC, on the other hand, was a positive regulator for NK cells and for total CD11c ϩ cells (data not shown), suggesting that PIC enhanced the generation of NK cells and DCs. The regulation of immune cell populations by RA and͞or PIC might directly affect functional outcomes in neonates.
Conclusion
In this study, early-life treatments with RA and͞or PIC enhanced the TT-induced vaccine response in neonatal mice. RA alone given at the neonatal stage significantly enhanced both primary and secondary anti-TT IgG responses as well as TT-specific lymphocyte proliferation. However, it selectively increased type 2 responses as indicated by the induction of TT-specific IL-5 and IgG1 production, therefore further skewing the neonatal immune response toward a type 2 direction. Because the lack of immaturity type 1 responses is a major contributor to the increased susceptibility of neonates to intracellular pathogens (3), a selective induction of type 2 immunity by RA could be disadvantageous for the development of type 1 responses and cell-mediated immunity in neonates. On the other hand, PIC, shown to be a potent adjuvant in adult mice (25) , strongly increased primary anti-TT IgG and all of the IgG isotypes (IgG1, IgG2a, and IgG2b) in neonatal mice. PIC alone also significantly enhanced TT-specific lymphocyte proliferation and IFN-␥ production, but, unfortunately, PIC did not significantly benefit the secondary anti-TT IgG and IgG1 response, suggesting PIC alone did not provoke a good memory response. Therefore, PIC alone may not be sufficient as an adjuvant for neonatal vaccination. Compared with either RA or PIC alone, the combination of RA plus PIC was more potent in augmenting both primary and secondary anti-TT IgG responses as well as all IgG isotypes. Moreover, the balance of anti-TT IgG1͞IgG2a was maintained close to that of vehicle-treated neonates. Furthermore, RA plus PIC significantly increased the production of TT-specific IFN-␥ and IL-5, thereby effectively promoting both type 1 and type 2 cytokine responses. Somewhat to our surprise, RA given at the neonatal stage did not significantly attenuate TT-specific type 1 responses (e.g., anti-TT IgG2a and IFN-␥ production), although we have reported that RA attenuated PIC-induced levels of type 1 cytokine mRNAs and IgG2a production in healthy adult mice (25) . However, it seems that neonatal mice as compared with adults do not respond identically to RA in terms of the balance of IgG isotypes and cytokine production. This difference could be partly due to the significant effect of RA on neonatal immune-cell maturation and differentiation, such as by promoting the differentiation of NK͞NKT cells, which are sources of IFN-␥ and IL-4 (35, 36) , and macrophages as well. Nevertheless, RA plus PIC at the neonatal stage was more effective and more durable than either of these agents alone in promoting anti-TT antibody production in infancy, stimulating both type 1 and type 2 cytokines, and providing long-term immunity (heightened recall response) in the young adult stage. Overall, the combination of an RA plus PIC nutritionalimmunological intervention can act as a powerful adjuvant for neonatal vaccination. Bars show means Ϯ SE, n ϭ 6 per group. * , P Ͻ 0.05 versus control group.
